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INTRODUCTION
The development of molecular biology during
recent years has vastly increased the possibilities
for studying the epidemiology of infectious dis-
eases. Thus, great interest has been focused on
tuberculosis (TB) and also, to a certain extent,
on other mycobacterioses. Subsequently, a large
number of different molecular biological methods
have been developed to measure the genetic
relationship between Mycobacterium tuberculosis
strains and also between other mycobacterial
strains.
In order to discriminate bacterial strains as
much as possible, the best approach would be to
sequence the whole genome of each strain. That
would, however, be time consuming and not cost
effective, and therefore only parts of the genome
are examined. Each method yields a genetic profile
that is specific for the examined strain and these
profiles are referred to as fingerprints. When two
or more strains have identical or very similar
fingerprints, they are referred to as the same clus-
ter. Thus, strains isolated from different patients,
but belonging to the same cluster, may have a great
probability of being epidemiologically linked, i.e.
they may reflect recent transmission between the
patients. These methods constitute powerful new
tools for identifying outbreaks and for tracing
contact, and increased knowledge in this field
might lead to more efficient ways to prevent
transmission.
In the early 1990s, the method 156110 restriction
fragment length polymorphism (RFLP; described
Corresponding author and reprint requests: Malin Ridell,
Department of Medical Microbiology and Immunology,
Coteborg University, Gothenburg, Sweden
Tel: +46313424723
Fax: +4631820160
E-mail: malin.ridell@microbio.gu.se
below) was agreed upon as the standard typing
method for tuberculosis epidemiology [1]. This
method is not PCR-based and it is also very
labor-intensive. The latter fact has led to the devel-
opment of faster methods that are PCR-based. In
the present review, the most common methods
used and some promising new methods are
described in an effort to survey a decade of
intensive research in tuberculosis molecular epi-
demiology.
The Mycobacterium tuberculosis genome
Recently the M. tuberculosis H37Rv genome was
completely sequenced using the so-called shotgun
method [2]. The M. tuberculosis genome consists of
4.4 megabase pairs and has very densely-packed
coding regions. It is estimated to comprise about
4000 protein-coding sequences, and has a very
high guanine and a cytosine content that is
reflected in the biased amino acid content of the
proteins [2].
The tuberculosis genome is remarkably homo-
geneous throughout the world. There are very few
silent nucleotide substitutions seen in the genome.
Very many of the mutations result in drug resis-
tance [3]. It seems that most recombination occurs
through different transposons. Transposons are
elements that are inherently unstable and have
the potential to cause many types of rearrange-
ments such as transposition, deletion, inversion
and duplication [4]. The simplest transposons are
insertion sequences (IS) [5] and over 14 different
kinds of insertion sequences have been identified
in the genome. These insertion sequences are
believed to be driving forces in the generation of
genetic polymorphism and are therefore very fre-
quently used to discriminate between different
strains [6]. The insertion sequence most utilized
in epidemiological studies is the 156110/ which is
described in more detail below.
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Insertion sequence 6110 restriction fragment
length polymorphism
The insertion sequence 156110 is present in differ-
ent copy numbers (between 0 and 25 copies) in the
M. tuberculosis complex and is integrated at var-
ious chromosomal sites. Restriction fragments
based upon the 156110 element are highly poly-
morphic but stable enough for epidemiologic
investigations [4,7]. 5everal molecular biological
techniques have been developed based on 156110
polymorphism (see Table 1).
Genetic background
156110 is an insertion sequence containing 1.355-
bp, which has been identified in the M. tuberculosis
complex. The insertion sequence varies in copy
numbers and may have different integration sites
in different strains. These variations are the basis
of a polymorphism that often is used in M. tuber-
culosis complex fingerprinting.
Insertion sequences have well-defined preferen-
tial sites for integration into the mycobacterial
genome, so-called hot spots; a well known exam-
ple in M. tuberculosis is 15900 [8]. Recent data
indicate that the transposition of the 156110 ele-
ment is non-random and that the 156110 also has
certain hotspots for integration in the genome
[9,10]. A few hotspots have been identified; three
studies have reported the DR region (described in
the spoligotyping section) to be one of those hot-
spots [11-14]. Three other preferential integration
regions for 156110 have also been described, the ipl
locus [15], the dnaA-dnaN intergenic region [16]
and the region between Rv1754c and Rv1762c [17].
By analyzing the distribution of 156110-RFLP frag-
ments, McHugh et a1. [9] showed that there is
strong evidence that the 156110 element might
have more hotspots than those so far described.
Warren et a1. [10] confirmed this and also showed
that the RFLP pattern may change, although the
156110element is still located in the hotspot, impli-
cating that the region next to the hotspot has a high
mutation frequency that creates new restriction
sites for the restriction enzyme. This is very inter-
esting, as the region studied in spoligotyping is a
hotspot and highly polymorphic. This knowledge
might also be utilized when developing new epi-
demiological methods.
It is widely known that strains with fewer copies
of the 156110 element are naturally more homo-
genous in their fingerprint patterns than are
strains containing multiple copies. The finger-
prints of the latter are thus more reliable concern-
ing epidemical links than those of the former [7,18-
20]. The recently discovered hotspots might also
contribute to false clustering due to convergence.
Gillespie et a1. [21] showed that a cluster of strains
with identical 156110-RFLP patterns-having six
bands out of nine located in hotspot regions-were
not epidemiologically linked because their PGR5-
RFLP pattern differed (method described below).
Table 1 Reproducibility and num-
ber of types obtained using different
methods for differentiating 90
strains of the Mycobacterium tubercu-
losis complex
Method used
RFLP (PvuII)
RFLP (Alul)
Mixed-linker PCR
5poligotyping
DRE-PCR
VNTR typing
MIRU-VNTR
RFLP (Alul)
156110 inverse PCR
156110 ampliprinting
DNA target
156110
PGR5
156110
DR locus
15611OJ PGR5
ETRs A-E
MIRU
DR locus
156110
15611OJ MPTR
Reproducibility
(%)a
100
100
100
94
58
97
100
100
6
39
No. of types
obtained
84
70
81
61
63
56
78
48
ND
ND
"Fraction of duplicates showing identical types (31).
RFLP, restriction fragment length polymorphism; PCR, polymerase chain
reaction; DRE, direct repetitive element; VNTR, variable numbers of tandem
repeats; MIRU, mycobacterial interspersed repetitive units; PGR5, polymorphic
GC-rich sequence; DR, direct repeat; ETR, exact tandem repeat; MPTR, major
polymorphic tandem repeat; ND, not done.
The data is obtained from Kremer et a1. [34] except the MIRU data [51].
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They therefore suggest that 156110 might be insuf-
ficient for epidemiological investigations and that
a second method such as PGRS-RFLP should be
used to verify epidemiological links. A study of
the tuberculosis epidemiology in San Francisco
showed that this convergence, due to the hot spots,
is usually negligible. This study concluded that for
regions containing few strains with low-copy
156110 there is no need for a second typing method
besides 156110-RFLP [22].
Genetic stability
The stability of the 156110-RFLP fingerprint is
believed to rely upon numbers of copies of the
156110 element; the more copies the more fre-
quently the element will transpose [23,24]. By
studying the RFLP patterns in follow-up isolates
of 544 patients, de Boer et a1. [25] extrapolated the
half-life of the pattern to 3.2 years, supporting the
use of 156110-RFLP in epidemiological studies. In
another study, Yeh et a1. [26] showed that 156110in
vivo has a rapid transposition frequency; as within
a 3-year period, 12 out of 49 patients changed their
156110-RFLP pattern. Interestingly, all of these
changes occurred in strains with 8-14 copies of
the insertion sequence. Alito et a1. [27] reported
that strains from nine epidemiologically-related
patients did not share the same RFLP pattern,
but were related as shown by a different technique
(spoligotyping, see below). This high frequency of
mutations may result in slight underestimation of
the actual epidemiological links in long-term stu-
dies [26,27].
Method
The method includes a restriction enzyme (PvuII)
that cleaves the 156110 element once and yields
DNA fragments between 0.9 and 10 kilobases. The
generated restriction fragments can be separated
with gel electrophoresis and visualized by probing
with an 156110 probe chosen to hybridize to the
right of the Pvull cleavage site. By comparing the
blot with Haell-digested ¢X174 DNA and the M.
tuberculosis reference strain, Mt14323 (which gives
ten approximately-evenly-spaced bands of known
size) as reference, unique fingerprints can be
obtained [1]. Comparison of fingerprints remains
a difficult expert-based process that remains sub-
ject to experimental errors which may minimize
matching results. Totally automatic comparison of
profiles has been described but is not yet common
[28].
Clinical applications
For the past decade, this method has been the
reference standard for strain identification of M.
tuberculosis owing to its high discriminatory index
and its reproducibility (see Table 1). It is often used
for verification of results produced by newer, more
rapid, PCR-based methods (some described
below).
156110-RFLP requires large amounts of DNA (in
the order of 5-10 /lg) and therefore needs to culture
for several weeks. The preparation itself is also
very cumbersome, which makes this method
inconvenient to use in epidemiological investiga-
tions of outbreaks when it might be important to
obtain results quickly (e.g. nosocomial infection)
and for large-scale population-based studies.
Another disadvantage with the 156110 is that the
results produced by 156110-RFLP are not, in a
natural way, digital or binary, as some of the
newer PCR results are. The latter problem made
the construction of a worldwide database compli-
cated but, thanks to a consensus agreement [1], this
problem has been resolved.
Polymorphic GC-rich sequence-RFLP
5trains of M. tuberculosis that possess only one or
two copies of 156110 do not generate sufficient
polymorphism to be readily distinguished by the
156110-RFLP technique [4]. Furthermore, in some
large geographic areas where TB prevalence is
high, such as in India, strains of M. tuberculosis
may lack 156110 and can thus not be fingerprinted
by this technique [7,29]. Therefore a RFLP-based
method using the recombinant plasmid pTBN12 or
a part of it as probes has been described [30,31].
Genetic background
The pTBN12 plasmid contains a sequence charac-
terized by GC-rich content and high polymorph-
ism, often referred to as PGR5 (polymorphic GC-
rich sequence). The PGR5 is a short sequence,
which is repeated multiple times in the genomes
of M. tuberculosis and other mycobacteria. Chaves
et a1. [32] showed that strains with four or fewer
copies of 156110 and clustered by 156110-RFLP
analysis could be further distinguished by
PGR5-RFLP.
Genetic stability
The stability of the PGR5 in M. tuberculosis seems
to be high; Chaves et a1. [32] reported identical
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PGR5-RFLP fingerprints from a single patient
during a period of 3.5 years. In addition, observa-
tions of reference strains H37Rv and H37Ra indi-
cate that fewer changes happen with the PGRS
fingerprints than with the 156110 fingerprints [7].
In a study by Yeh et a1. [26] of 49 patients during a
3-year period, two strains changed PGR5 pattern
compared to 12 strains that changed 156110-RFLP
pattern.
Method
The method is similar to 156110-RFLP, although a
PGR5 probe is used [30,31] and the DNA is cut
with Alul restriction endonuclease instead of
PvuII, according to the method description by
Yang et a1. [33]
Clinical applications
The reproducibility of PGR5-RFLP was shown to
be 100% by Kremer et a1. [34]. The discriminating
ability was also high, and 70 different patterns
were distinguished among 90 strains (see Table 1).
This method has the same disadvantages as the
156110-RFLP technique (see above). Moreover, too
many bands are obtained, making database con-
struction and comparison even more difficult than
with 156110-RFLP.
Mixed linker peR
Mixed linker PCR is a method developed shortly
after 156110-RFLP and it is also based on the
polymorphism in the 156110 element [35].
Genetic background
The genetic background of the mixed linker PCR is
basically the same as that of the 156110-RFLP (see
156110-RFLP section) as the same polymorphic
region is used.
Method
The first step in mixed linker PCR is to use the Hhal
restriction enzyme to cut the DNA. Hhal is a 4-bp-
specific restriction enzyme, yielding more and
shorter fragments that are better suited for PCR
than PvulI. All the fragments formed have 3' pro-
truding ends that ligate to a linker with comple-
mentary 5' protruding ends. This double-stranded
linker contains a primer site where the linker
primer may attach. This particular strand has
uracil instead of thymidine base pairs, hence the
name 'mixed linker'. By removing the uracil base
pairs with a uracil N-glycosylase (UNG), the linker
primer will not be able to attach in the first cycle of
the PCR. The other primer is an 156110 specific
primer that targets the 3' end of the 156110, select-
ing a single strand fragment to be amplified in the
PCR because the other primer, the linker primer,
cannot attach [35]. After the first PCR cycle, the
linker primer site is regenerated and the PCR
reaction may further proceed with only the
156110-3' fragments to be amplified. The PCR
product is later run on an agarose gel, separating
the fragments. If fluorescent intralane markers are
used, the number of base pairs can be calculated by
computers with very high accuracy [36].
Clinical applications
Using the protocol based on fluorescent detection
presented by Butler et a1. [36], the actual fragment
lengths can be obtained. This allows digital results
and makes this method very reliable and highly
reproducible (see Table 1). The technique is faster
than traditional 156110-RFLP but is still estimated
to take longer than other PCR-based methods.
Other techniques such as ligation-mediated-PCR
[37] and fast-ligation-mediated-PCR [38], based on
the same principle, have been developed, and are
faster than the original mixed linker PCR. The
major drawback of the latter method is that it is
not widely used, thus lacking the ample informa-
tion that is gained through international databases.
Spacer oligonucleotide typing (spoligotyping)
Groenen et a1. [12] initially studied a polymorphic
preferential locus for the 156110 element, referred
to as the 'DR region', and proposed that this region
should be used for epidemiological studies of the
M. tuberculosis complex. Later, Kamerbeek et a1.
[19] presented a rapid method for analyzing this
region, referred to as 'spoligotyping'. This method
is today, next to 156110-RFLP, the most wide-
spread method for tuberculosis epidemiology.
Genetic background
The spoligotyping method is based on polymorph-
ism in the chromosomal DR locus. The locus con-
sists of multiple direct variable repeats (DVRs)
initially identified by Hermans et a1. [11] in Myco-
bacterium bovis BCG. Each DVR is composed of a
36-bp direct repeat (DR) and a nonrepetitive short
sequence of similar size (35- to 41-bp), a so-called
spacer. 50 far, 94 different spacers between the
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DRs have been identified [13,39], but only the 43
spacers originally described are used on a routine
basis, because, for the time being, only slightly-
increased additional information is gained from
the new spacers [13,40].
The most likely reason for the lack of spacers is
deletions, and they are believed to occur in one or
more continuous spacers at a time, originating
from a primordial DR locus due to a combination
of various genetic mechanisms such as homolo-
gous recombination, transposition, or DNA repli-
cation slippage. There is, so far, no evidence that
the DR locus has any function in the M. tuberculosis
complex and the relation between different spacers
is furthermore not yet established [13], although
it is likely that topological constraints on the
repeated DNA may contribute to its evolution [40].
Figure 1), where the positive result represents an
existing spacer and the negative result represents
lack of spacer hybridization [19].
Clinical applications
5poligotyping is very widely-used, due to its sim-
plicity, its high reproducibility (see Table 1), and
its binary result format; an advantage when using
databases. Unfortunately spoligotyping's low-to-
medium discriminatory capacity, depending on
the geographic setting studied, makes it necessary
to use a second method to underline potential
epidemiological clusters. Comparison of local
results to a worldwide spoligotyping database
may provide information on the population genet-
ics of the tubercle bacilli in a given setting [41].
Genetic stability
In some epidemiological investigations [13,19] it
has been noticed that one patient may be infected
with two different spoligotypes simultaneously;
one from the original strain infecting the patient
and the other one from the same strain but with a
deletion. This deletion had occurred over time as
the patient carried the pathogen. 5uch deletions
are, however, rather rare. In four outbreaks with a
total number of 35 strains, the spoligotypes have
shown to remain stable except for one single dele-
tion in one isolate [13].
Direct repetitive element-peR
Direct repetitive element-PCR (DRE-PCR) is a
rapid PCR-based method used for subtyping
members of the M. tuberculosis complex. Amplifi-
cation is carried out on DNA segments located
between the two repetitive elements 156110 and
the polymorphic GC-rich repetitive sequence
(PGR5) [42].
Genetic background
The DRE-PCR typing is based on the inter 156110-
PGR5 polymorphism, which is described in more
detail above.
Method
By using primers that target the DR sequence at the
PCR procedure, the different spacers between the
DRs will be amplified. The PCR product contain-
ing the amplified spacers is then hybridized with
different spacer probes. The spacers can be pre-
sented as a binary code, positive or negative (see
Method
To amplify the segments located between the two
repetitive elements, four primers that correspond
to the terminal sequences of 156110 and PGR5 are
used. The primers are designed as outlooking
primers from both ends of the repetitive elements
Strain
M. tuberculosis H37Rv
Mbovis BCG
M. tuberculosis "Beijing"
M. tuberc ulosis "Manilla"
M. tuberculosis "East African-
Indian"
M. tuberculosis "seal"
M. tuberculosis subsp. caprae
M. tuberculosis subsp. canetli
M. microti
Spoligotype1--- -----
'----- ---,
Figure1 The binary results of spoligotyping. Spoligotyping has also been used to define subspecies-specific signatures
within the various members of the Mycobacterium tuberculosis complex. Someof these specific signatures are illustrated in
the figure; e.g.,M. bovis shows a characteristic absence of spacers 39 to 43, whereas the recentlydescribed M. bovis subsp.
caprae shows the absence of spacers 1-16.
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Ris 2 Ris 1 Pntb 1 Pntb 2 Ris 2 Ris 1 Pntb 1 Pntb 2
<>--- ---+ <>--- ---+ <I-- ---+ <]- ---+
-----I__ __t_-------c:::::::::::::>
IS6110 PGRS IS 6110 PGRS
Figure2 A schematic picture of the gene sequences replicated using DRE-PCR. Variability of inter IS6110-PGRS yields
different sizes of PCR-products, as illustrated by gel electrophoresis [42].
(Figure 2). The binding site for the primers Ris 1
and Ris 2 is situated in 156110and the primers Pntb
1 and Pntb 2 correspond to terminal sequences of
PGR5. The distance between the repetitive ele-
ments and the copy numbers of 156110 and PGRS
vary from strain to strain, yielding unique banding
patterns based on size and numbers of the DNA
fragments amplified. The size of the amplification
product is determined by using an agarose gel and
making comparisons with a molecular ladder (for
example HaeIII-digested X174)
Clinical applications
DRE-PCR has been evaluated in the multicenter-
study made by Kremer et al. [34]. Poor reprodu-
cibility was reported (58%) due to difficulties in
scoring low-intensity bands and differences in the
intensities of the whole pattern [34]. Its discrimi-
natory power is, however, high (see Table 1), and it
can therefore be used for verifying clusters from a
primary screening method if the isolates are run on
the same gel.
Variable numbers of tandem repeats (VNTR)
Genetic loci containing variable numbers of tan-
dem repeats (VNTR loci) form the basis for human
genetic mapping and identification. For strain typ-
ing of M. tuberculosis this polymorphism is used in
a PCR-based method that gives a digital number as
a result.
Genetic background
Frothingham and Meeker-O'Connell [43] pub-
lished 11 different tandem repeat loci that they
had analyzed, trying to assess whether or not the
number of tandem repeats was variable and could
be used for strain typing. Two different kinds of
tandem repeat were analyzed; major polymorphic
tandem repeat (MPTR) loci and exact tandem
repeat (ETR) loci. The MPTR consist of 15-bp
repeats with a single consensus sequence, but with
substantial sequence variation between adjacent
repeats [44]. The ETRs contain large tandem
repeats; the repetitive sequences published by
Frothingham and Meeker-O'Connell [43] ranged
from 53- to 79-bp. The MPTR-D and ETR loci B to F
were identified by searching known M. tuberculosis
H37Rv DNA sequences [43]. The other tandem
repeat loci, MPTR-A, B, C and E and ETR-A,
had previously been published [44-47].
PCR products of the tandem repeat loci were
sequenced to reveal the number of tandem repeats
and the size of the DNA segments located at both
sides of the tandem repeats. By analyzing 48
strains of the M. tuberculosis complex, Frothing-
ham and Meeker-O'Connell [43] concluded that all
of the ETR loci were variable, but, among MPTR
loci, only MPTR-A showed some polymorphism.
The MPTR-A is not, however, routinely used
because it has limited discriminative power (three
alleles). The VNTR loci currently used in routine
are ETR-A to -E [34,41,48,49] while, the ETR-F is
not used because it has a second overlapping ETR
region, and mutations in the second locus within
ETR-F complicate interpretation of the length
polymorphism [48]. The evolution of the VNTR
loci is discussed below in the section on mycobac-
terial interspersed repetitive units (MIRVs).
Method
To reveal the number of tandem repeats in a single
strain, PCR is performed with primers designed to
amplify the tandem repeat locus selected. The
presence and size of the PCR product is deter-
mined by agarose gel electrophoresis. One PCR
reaction and one gel electrophoresis are performed
for each locus. Based on knowledge of the size of
the different tandem repeats, the number of
repeats is calculated according to a previously-
published scheme. The results are expressed as
a five-digit code, e.g. the M. tuberculosis reference
strain H37Rv has the VNTR profile 33433, indicat-
ing three copies at locus ETR-A, three copies at
locus ETR-B, etc. [43].
Clinical applications
The VNTR analysis has been evaluated in a study
by Kremer et al. [34]; reproducibility (see Table 1),
was shown to be very high (97%). Mislabeling or
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cross-contamination seemed likely to be respon-
sible for a discordant result [34]. The discrimina-
tory ability is low compared to IS6110-RFLP and
mixed-linker PCR (see Table 1). Therefore, if used
for epidemiological studies, VNTR analysis
should be used in combination with another typ-
ing method.
For evolutionary studies, the VNTR analysis
may be useful. Each VNTR locus represents a
different portion of the genome and the loci men-
tioned above appear independent from each other
[43].
Mycobacterial interspersed repetitive units
The mycobacterial interspersed repetitive units
technique (MIRVs) is similar to the previously-
described method VNTR. This method was
recently proposed by Supply et al. [23,50,51].
Through analyzing the H37Rv chromosome
data, 41 different variable tandem repeats (MIRVs)
have been identified in the M. tuberculosis genome
[2,52].
Genetic background
The difference in the tandem repeats between VNTR
and MIRV is that the MIRV tandem repeats may
vary in size [52]. Through analyzing the diversity of
the original 41 MIRVs, 12 have shown enough varia-
bility to be used as strain differentiation markers.
Amongthese, two are identical to VNTR loci: MIRVs
number4 and 31correspond to the VNTRlociETR-D
and the ETR-E loci, respectively [50].
Function of the MIRUs
The exact function of the MIRVs is yet to be
determined. They may be junk DNA and/or har-
bor regulatory functions. Recent studies imply that
they may playa role in the evolution of the human
host genome [53,54]. Their high mutability may be
a way for the bacteria to adapt to a new environ-
ment. They are of importance in gene expression
and may therefore have an impact on the bacterial
phenotype. Many MIRVs are also involved in
coupling between genes of polycistronic operons,
and there is a possibility that the variation in
copy numbers also affects the expression of
flanking genes [50]. All of these interesting the-
ories, and the fact that they strongly resemble
repetitive sequences in the human genome, make
the MIRVs very interesting for mycobacterial
research.
Genetic stability
Supply et al. [50] found that BCG strains cultivated
separately for more than 30 years-corresponding
to several hundreds of generations-showed some
polymorphism at MIRV locus 4 among the 12
variable MIRV loci. This polymorphism was
shown to be generated by sequential additions
and deletions of repeat units during successive
derivations and separate cultivation of BCG sub-
strains [50]. The in vivo stability of MIRV profiles
has been tested on relapses and recent trans-
mission cases. The MIRV profiles are estimated
to remain stable in vivo for at least 18 months [55].
Clinical applications
TheMIRVshaveadiscriminatorypowerthatresem-
bles the IS6110-RFLP method [55] and it is an easily
reproducible technique (see Table 1).With the devel-
opment of high-throughput automated analyses,
using multiplex PCR amplification combined with
size analysis on a fluorescence based sequencer, this
method may prove a very interesting alternative to
the techniques now used. Moreover, it does not need
extensive DNA purification; it requires only gel
electrophoresis with a resolution of 50-bp and the
results obtained can be represented in a digital for-
mat [55]. Recently a study has verified the reprodu-
cibility and specificity using the same strains that
Kremer et al. previously used [51].
Fluorescent amplified-fragment length
polymorphism
Fluorescent amplified-fragment length poly-
morphism (FAFLP) is a promising technique pre-
sented by Goulding et al. [56]. It is a refinement of
the older amplified-fragment length polymorph-
ism (AFLP) [57].
Genetic background
The FAFLP method examines approximately 0.1%
of the genome [56]. Its polymorphism is based
upon the place where the restriction enzymes
cut the genome. Therefore, no single element in
the genome is responsible for its polymorphism.
FAFLP fingerprints are polymorphic due to the
presence or absence of restriction fragments rather
than length differences [57].
Genetic stability
This method has not yet been properly evaluated
in epidemiological settings.
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Method
The first step in FAFLP is to cut the genome with
two different restriction enzymes, one that cuts the
genome rarely (EcoRI), and one that cuts it more
frequently (MseI). The fragments that are used for
analysis contain at least one EcoRI restriction site.
The restriction ends created by the enzymes then
ligate to adapters. There are two different adap-
ters, one for EcoRI and one for Msel restriction
sites. The adapters contain a core sequence and an
enzyme-specific sequence [57]. By ligating to the
restriction sites, primer sites are created in a simi-
lar fashion as in mixed linker PCR.
After the adaptor ligation, a PCR is run with five
different primers, one primer targeting the Msel
and four targeting EcoRI. The difference between
the four EcoRI primers is one selective base that is
either A, T, C or G. The EcoRI primers are labeled
with different fluorescent markers. Each marker
represents the primers selective base. The PCR
product is then separated with agarose gel. A
fluorescent intralane marker is used for precise
estimation of the molecular weight of each frag-
ment and a precise fingerprint pattern for A, T, C
and G can be obtained [56].
Clinical applications
The FAFLP method has not yet been widely used
for epidemiological investigations of the M. tuber-
culosis complex [56,58]. Its independence of repe-
titive elements makes it very interesting as it may
provide a more accurate relation than do other
techniques, particularly between strains that do
not contain exactly the same pattern. By using
more selective primers, or changing the restriction
enzymes, a new pattern may be visualized,
enabling an almost endless number of different
combinations [57].
Other methods
All the methods described above are currently
used, and some of them are of great clinical value.
This field of research includes, however, several
additional methods for strain typing, some of them
described by Kremer et al. [34]. A technique that is
not included in this review is the pulse-field gel
electrophoresis method, as it is not well-suited for
M. tuberculosis epidemiology. The methods 156110
inverse PCR, 156110 ampliprinting and DR locus
RFLP are mentioned in Table 1, but not described
in the text. 156110 inverse PCR and 156110 ampli-
printing have very low reproducibility. In contrast,
DR locus RFLP has a high reproducibility 000%)
but is cumbersome and inconvenient. In general,
the different markers used in RFLP techniques
other than 156110-RFLP or PGRS-RFLP are not
sufficiently discriminatory, and therefore not very
useful when employed alone. The high research
intensity in this field will probably lead to new
interesting techniques, but it is always of value to
remember that, with the exception of whole gen-
ome sequencing, one single method will not be
sufficient for the molecular epidemiology of TB.
DISCUSSION
Today 156110-RFLP is the reference standard for
typing strains of M. tuberculosis. The method is
considered to be the most discriminatory one and
has therefore remained as the ultimate tool for
identifying epidemiological clusters. However, it
is very cumbersome and inconvenient, which is
the reason for a number of alternative PCR meth-
ods. 50 far none of these new methods used alone
has demonstrated the same discriminative ability
as 156110-RFLP, and different combinations have
therefore been proposed to raise this capacity.
Two or more of the PCR methods described
above can be combined to obtain a higher discri-
minatory ability. The first method makes clusters
of the isolates, followed by a second method that is
used to break these clusters into smaller ones. The
two methods should preferably use different
genetic polymorphism in order to obtain greater
reliability of the epidemiological clusters. By
studying polymorphism with at least two inde-
pendent markers, and in case of obtaining con-
gruent sets of results, the clonal nature of the
bacterial populations is established. However,
the true gain for epidemiology remains to be
demonstrated by correlation with conventional
epidemiological data [18,33,41,49,59-61].
Molecular strain typing of M. tuberculosis may
add information about the epidemiological situa-
tion, and may also be used in surveying the pan-
demic of M. tuberculosis. Molecular typing,
however, should always be thought of as correla-
tive to conventional epidemiological data. Spoli-
gotyping and 156110-RFLP are well suited for
pandemic surveillance, while faster, more discri-
minating methods such as mixed linker PCR and
its successors are useful for the surveillance of
single epidemic situations. MIRU is a fast,
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although sophisticated and costly method, com-
parable to mixed linker peR; and its genetic back-
ground makes this method interesting, provided
that usage of fluorescence technique and sequen-
cing technologies are available. This is unfortu-
nately not the case in developing countries for the
time being.
Molecular epidemiology of M. tuberculosis
applied in clinical situations is very-well-
described in a review recently written by Dick
van Soolingen [38]. After a decade of technological
improvements in molecular epidemiology of TB,
one should nevertheless keep in mind that TB
epidemiological research basically remains a field
discipline. Molecular epidemiological techniques
will be really efficient for the clinician when fast,
simple, reliable and cost-effective techniques are
available on a worldwide basis. Although mole-
cular biology has gained increased acceptance in
the clinical laboratory, much effort remains to be
made in order to develop inexpensive and simple
techniques that could help with tracing infection
sources worldwide, whether in rural or urban
settings, and independent of the economic status
of the country. In order to decrease TB globally, or
achieve the ultimate goal of eradicating the dis-
ease, all available diagnostic and therapeutic
means should be used. In this connection, training
and education of a large number of people in
molecular biology are highly important. It is
furthermore imperative that these methods are
applied, not only in the industrial countries, but
also in the developing countries.
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